Aiming at the problem of the fatigue life prediction of rubber under the influence of temperature, the effects of thermal ageing and fatigue damage on the fatigue life of rubber under the influence of temperature are analysed and a fatigue life prediction model is established by selecting strain energy as a fatigue damage parameter based on the uniaxial tensile data of dumbbell rubber specimens at different temperatures. Firstly, the strain energy of rubber specimens at different temperatures is obtained by the Yeoh model, and the relationship between it and rubber fatigue life at different temperatures is fitted by the least-square method. Secondly, the function formula of temperature and model parameters is obtained by the leastsquare polynomial fitting. Finally, another group of rubber specimens is tested at different temperatures and the fatigue characteristics are predicted by using the proposed prediction model under the influence of temperature, and the results are compared with the measured results. The results show that the predicted value of the model is consistent with the measured value and the average relative error is less than 22.26%, which indicates that the model can predict the fatigue life of this kind of rubber specimen at different temperatures. What's more, the model proposed in this study has a high practical value in engineering practice of rubber fatigue life prediction at different temperatures.
Introduction
Owing to their superior ability to good wear resistance and tear resistance, rubber materials are widely used in the automobile industry, for example, the tire, vibration isolator and other parts. For rubber materials, different working temperatures will have different influences on their mechanical properties. The thermaloxidative ageing reaction of rubber material will accelerate with the increase of temperature, which will lead to the decline of its anti-fatigue property. Under the action of repeated loads, fatigue failure is easily caused, and then potential safety hazards are generated. Therefore, the effective prediction of fatigue life at different temperatures is of great significance for timely replacement and extension of the service life of rubber products. At present, the prediction of rubber fatigue life under the influence of temperature is faced with two major difficulties. On the one hand, it is necessary to carry out the corresponding fatigue test and establish a model to analyse the fatigue characteristics of such parts because of the large variation of ambient temperature and complex loading conditions; on the other hand, there is the difficulty of how to establish the relationship between temperature and fatigue life model to predict the rubber fatigue life at different temperatures.
Many prominent scholars have performed a series of research on the prediction of rubber fatigue life. Fatemi and coworkers [1, 2] investigated the prediction method for rubber components, and used an automotive cradle mount as an illustrative component to conduct the analysis including the finite-element analysis, constitutive behaviour representation of the material and fatigue damage parameter. Then, the maximum principal strain was selected as a damage criterion, and Miner's linear cumulative damage rule was used in predicting the rubber fatigue life based on the fatigue crack initiation life and fatigue crack growth life prediction method, respectively. Woo et al. [3, 4] conducted finite-element analysis and life prediction of the rubber composites and related components by using Green-Lagrange strain as the fatigue damage parameter. Suryatal et al. [5] predicted the fatigue life of a railway elastomeric pad by combining the experiment of material properties and using the Mooney-Rivlin model for the finite-element analysis. Then, the maximum first principal elastic strain was selected as the fatigue damage parameter to predict the fatigue life of an elastomeric pad under different compressive loads. Seichter et al. [6] [7] [8] summarized the advantages of fatigue crack growth theory on the basis of previous research and carried out the uniaxial test to study the fatigue life of rubber. Wang et al. [9, 10] used the finite-element method to compute three fatigue damage parameters including logarithmic principal strain, Cauchy principal stress and strain energy density for fatigue life. Then, the fatigue life of the rubber vibration isolator in the uniaxial tension state was predicted by using the prediction model based on the least-square method. Shangguan et al. [11, 12] predicted the fatigue life of the rubber isolator by choosing and analysing different fatigue damage parameters. The fatigue life forecast by the prediction models was compared with the experimental life, which showed that the prediction model which used the effective stress as the damage parameter had the best accuracy. What is more, the model selecting Saintier stress or Luo stress as the damage parameter has a longer fatigue life than the other models.
Fatigue life prediction at different temperatures has a profound significance for rubber components to ensure their reliability and safety. At present, there are a number of studies on the fatigue life of rubber, but there is less research into fatigue life prediction considering temperature factors. Although several scholars have carried out some tests to research the influence of temperature, none of them established a prediction model that chose the temperature as the dependent variable. For example, Mars & Fatemi [13] showed that the fatigue life of rubber material changes with temperature, and besides, the variability of different rubber compounds are different. Neuhaus et al. [14] carried out fatigue tests to study the direct influence of chemical and thermal ageing on the fatigue life of natural rubber, and he also studied the various influences of high temperature on fatigue life further. Shangguan et al. [15, 16] carried out the uniaxial tensile fatigue test on both the specimens with two different hardnesses (45 and 50) and three filled natural rubbers at different temperatures. Then, three kinds of fatigue life prediction models at different temperatures were established using the engineering strain as the damage parameter based on the experimental data. However, the above researchers only studied the fatigue characteristics under the influence of temperature from the perspective of the type of rubber materials and the selection of fatigue damage parameters, and no model was established to demonstrate the relationship between temperature and fatigue life prediction.
Based on the above analysis, the uniaxial tensile fatigue tests of dumbbell rubber specimens are carried out at different temperatures and different loads in this paper. The fatigue life prediction model is established with strain energy as the fatigue damage parameter, and the fatigue characteristics under different temperatures are predicted by the relationship between the model parameters and temperature.
Experimental set-up

Experiment object selection
The uniaxial tensile test is an important means to study the mechanical properties of rubber materials. Based on its simple experimental operation, this study used the uniaxial tensile test to study the rsos.royalsocietypublishing.org R. Soc. open sci. 5: 180951 mechanical properties of dumbbell rubber specimens. To minimize the influence of rubber specimen thickness on the tensile process, the dumbbell rubber specimen was cut according to the standard in the document GB6672-2001 ( plastic film and sheeting-determination of thickness by mechanical scanning) [17] . The distance of the dumbbell rubber test piece is 30 mm and the thickness is 2.5 mm. The width of the middle part of the rubber specimen is 6.0 mm, as shown in figure 1.
Experimental equipment and conditions
The uniaxial tensile experiments at different temperatures were carried out by a 100-100(200) WH oven universal material testing machine whose accuracy of force measurement is +1%. The dumbbell rubber specimen was placed in the two clamps of the tester to keep the specimen elastic to prevent the specimen from sliding or breaking. The experimental temperature ranges from 208C to 1108C, and every 158C was a working condition. Each working condition was tested five times, and the tensile rate was set as 500 mm min 21 . The data measurement and information acquisition system based on the testing machine could record the tensile data of the specimen in real time, including temperature, initial length L 0 , tensile length L and stress s.
Test data processing
To minimize the errors in the test process, the measured data were processed in average, namely the average value of the measured uniaxial tensile data was calculated as the initial data. This processing method can reduce the error of test data to a certain extent and improve the accuracy of the recording. The process of strain solution is shown in the following formula:
where L 0 is initial length; L is tensile length and 1 is the engineering strain.
Analysis of temperature factors and determination of model parameters
The prediction of fatigue life of rubber materials is divided into two stages: the first stage is the study of crack initiation life based on the continuum mechanics theory, and the second stage is crack propagation life analysis based on fracture mechanics [18, 19] . The crack initiation life method using stress or strain to characterize the fatigue life follows the relation between the crack size and the cycle period, which can ignore the influence of a tiny crack on rubber [20] . The crack propagation life method using the stress or strain at the root of the fracture to characterize the fatigue life needs to measure the initial geometry of the crack and the energy release mileage. Because the stress near the crack is concentrated, it is easy to produce a large prediction error [21] . On the basis of observation and analysis of the cracks in the dumbbell rubber specimens, the fatigue crack initiation method was selected as the prediction model [22, 23] . 
Effect of temperature on mechanical behaviour of rubber
The uniaxial tensile test data of dumbbell-shaped rubber specimens at the temperature of 20-1108C were selected, and the stress-strain curves were shown in figure 2 [24] . A phenomenon can be seen from figure 2 that there is an increasing trend of the engineering stress with the increase of the engineering strain at the same temperature, and the trend increases slowly with the increase of temperature. Conversely, there is a decreasing trend of the engineering stress with the increase of temperature at the same strain value, and the trend downward accelerates with the increase of the engineering strain. With the change of temperature, the degradation rate of rubber material is different, and the relaxation degree of rubber material is different, which leads to different stress and strain of gel stretching at different temperatures [25] . There are two main reasons for the above phenomenon: rubber thermal ageing and fatigue damage. The thermal ageing of rubbers mainly refers to the thermal-oxidative ageing reaction, which is the oxidation catalytic reaction initiated by ROOH. The oxidation reaction intensifies with the increase of temperature, which leads to the cracking or structuring of rubber molecules and the destruction of rubber materials [26] . The fatigue failure mechanism of rubber material is that the repeated change of the rubber specimen under load leads to repeated alternating stress below the yield limit and the failure of the rubber specimen [27] . The two kinds of failure interact with each other and cause damage to the fatigue life of rubber at the same time. The reason why the stress and strain of colloid tension are different at different temperatures is that the thermal-oxidative ageing reaction is gentle, the damage degree of molecular chain small, the molecular chain close and the microcosmic gap small when the temperature is low. The molecular movement of rubber materials is accelerated with the increase of temperature, and the thermal oxygen ageing reaction is accelerated. The molecular chains continue to expand and polymerize repeatedly under the load. With the increase of micro-cracks, macroscopic cracks and relaxation degree increase, and irreversible plastic deformation occurs, which leads to the failure of rubber materials.
Selection of fatigue damage parameters
The fatigue damage parameter is a description of the control variable of the load history during the fatigue test. The key to improving the prediction accuracy of fatigue life of rubber materials is to choose the appropriate fatigue damage parameters. What's more, the higher the fitting correlation coefficient of fatigue life and damage parameter, the more accurate the fatigue life prediction will be [12] . Principal strain, strain energy density, Green's strain and octahedral shear strain are usually selected as the fatigue damage parameters to evaluate the fatigue life of rubber materials. Under the action of stress, the corresponding plastic deformation will occur. Plastic deformation is the process of producing residual deformation when the external stress is large and the deformation does not disappear completely with the external stress. Strain energy density is the ratio of energy to size change in the plastic deformation of an object. It not only can describe the distribution of the molecules well but also can analyse the stress and strain well in uniaxial tension tests [28] . Therefore, the strain energy density is selected as the damage parameter to be researched in this study. The formula for calculating the increment of strain energy is:
where w is the strain energy density and s is the engineering stress. The strain energy density under uniaxial tension is calculated by the following formula.
The calculation of strain energy density is based on the stress-strain relationship curve under the same conditions, which is fitted by the hyperelastic constitutive model, in order to obtain the material parameters of the hyperelastic constitutive model and establish the stress-strain relationship. The strain energy density can be obtained by substituting the experimental data into the formula (3.2).
Fitting of the experimental data with the hyperelastic constitutive model
Compared to the mechanical properties of metal materials, the stress-strain relationship of rubber materials has stronger nonlinearity. To describe the nonlinear relationship, the hyperelastic constitutive model which can reflect the functional relationship between the deformation of rubber material and the strain energy is introduced. It is generally assumed that the rubber material is isotropic and incompressible when the nonlinear elasticity of rubber is evaluated by the hyperelastic constitutive model, which is to say that the material parameters won't change with the deformation of the colloid [29, 30] . The relationship among the strain energy density, the engineering stress and the engineering strain of rubber materials in uniaxial tension can be expressed as follows:
where s is the engineering stress; I 1 , I 2 are two basic invariant functions of the Cauchy-Green deformation tensor. Different constitutive models have various performances on the mechanical properties of rubber. At present, there are more than 40 constitutive models including the Mooney-Rivlin model, Yeoh model, Arruda-Boyce model, Ogden model and Neo-Hookean model, which are widely used. According to the existing research, the Yeoh model not only has a relatively simple form but can also predict the material behaviour of complex patterns accurately. In addition, it can be available only through uniaxial tensile experiment data [31, 32] . Taking into account the above properties, a Yeoh hyperelastic constitutive model was selected to describe the relationship between strain energy density and deformation tensor in this study. The hyperelastic strain energy density function under the condition of N ¼ 3 is defined as follows:
where C i is the material parameter of the mode whose unit is MPa. C 1 is the initial shear modulus under small deformation; C 2 is the softening phenomenon of medium deformation; C 3 is the hardening of material in a state of great deformation. For carbon black-filled rubber materials, @w/@I 2 is much less than @w/@I 1 and approximately zero. The relationship between engineering stress and strain described by the Yeoh hyperelastic constitutive model can be obtained by using formulas (3.3) and (3.4), which is expressed by formula (3.5). On the basis of the above analysis, the material parameters of the Yeoh model are obtained by fitting the stress and strain data and using formulas (3.5) with MATLAB [33, 34] . As is shown in figure 3 , the Yeoh curve fitting with the strain in the range of 0-1.6 at a temperature of 208C was illustrated. It can be seen from figure 3 that the Yeoh model curve is similar to the stress-strain curve, and the coincidence degree is relatively high. The material parameters of the model can be obtained by fitting the curve. The fitting degree of the model can be evaluated by the correlation coefficient r 2 that is defined as the ratio of sum of squares of the regression to total sum of squares. The correlation coefficient r 2 can be expressed by the following formula:
whereŝ i is the prediction data; s i is raw data mean and s i is the raw data. The correlation coefficient r 2 can represent a fitting accuracy by changing the data. The closer it is to 1, the higher the fitting degree will be, which indicates that the predicted fatigue life of rubber is close to the measured parameters [35] . The model parameters and the correlation coefficient of the fitting are shown in table 1. Similarly, the parameters of the model with the strain in the range of 0 -1.6 and the fitting correlation coefficient can be obtained at different temperatures, which are shown in table 2. It can be seen from table 2 that the correlation coefficients are close to 1 at each temperature; the change of temperature results in a minor change of correlation coefficient, which indicates that the correlation coefficient is not related to the temperature. According to tables 1 and 2, the overall variation trend of the parameters C i (i ¼ 1,2,3 ) of the Yeoh model is decreasing with the increase of temperature (ignoring the errors in the fitting process). The decrease of the model parameters C 1 indicates that the shear modulus of the rubber specimen decreases with the increase of temperature. The model parameters C 2 show a negative value in general, and the softening phenomenon occurs in the process of medium deformation of the reaction material. The positive values of the model parameters C 2 at 20, 35 and 508C during this experiment are due to the fact that under the condition of low temperature, the softening phenomenon of the rubber specimen caused by the small deformation process is smaller, and as the temperature increases, the more obvious the softening phenomenon is. The hardening phenomenon of rubber specimen during the process of extensive deformation is reflected by C 3 , the value of which is positive. With the increase of temperature, the hardening phenomenon of rubber specimen caused by large deformation is less obvious [36] . Based on the theory of rubber statistics, the elastic modulus of rubber increases with the increase of temperature and the decrease of average relative molecular weight of the internetworking chain, which accelerates the ageing process of rubber and results in the decline of its mechanical properties. Eventually, the elastic modulus of the material decreases [37] .
Construction of rubber fatigue life model
The fatigue crack initiation is an effective method to predict the fatigue life of rubber materials [38] . It can be solved by the local stress -strain method and the nominal stress method. The nominal stress method is based on the theory of mechanics of materials or elasticity, and the nominal stress of the dangerous point can be calculated by the S-N curve, which is suitable for conditions where the stress level is not high and the load is relatively stable. The local stress-strain method relates the fatigue life of a certain point in the dangerous area. It assumed that the stress-strain history of the dangerous area is the same as that of the smooth specimen, which is suitable for the condition of high stress level and local yield of the material. Based on the fact that the stress range is small and the load is stable, the nominal stress method can be used to solve the fatigue life in this study. The relationship between fatigue damage parameters and fatigue life is established to predict the fatigue life of rubber, which is shown in the following formula. At the same temperature, the relationship between the fatigue life N f and fatigue damage parameters P is described by the power function, and it can be expressed as follows:
where k and b are the model parameters of fatigue crack initiation and N f is the fatigue life of rubber, and P is the fatigue damage parameter.
Analysis of experimental data
The dumbbell rubber specimens are subjected to uniaxial tensile fatigue tests with the same strain range at 20, 35, 50, 65, 80, 95 and 1108C, respectively. Samples are selected at nine different tensile deformation conditions to establish a prediction model of rubber, and the test data are shown in table 3. According to the above analysis and the data of tables 1 and 2, the strain energy density of each process at different temperatures can be obtained by using formula (3.2). Strain energy density at different temperatures is shown in table 4. It shows that the strain energy density is positively correlated with the engineering strain at the same temperature. The larger the deformation is, the greater the stored strain energy in the materials will be. Based on thermodynamic analysis, the elasticity of rubber is caused by entropy change. Under the action of external force, the rubber molecular chain changes from curl state to stretch state, and entropy decreases. When the external force is removed, the molecular chain spontaneously tends to the state of entropy increase due to thermal motion, and the molecular chain restores to the curl state by extension. The strain energy stored in the material decreases with the temperature under the same strain condition [39, 40] . This is due to the loss of energy caused by the increasing relaxation of the molecules because of the degradation of the colloid when the temperature rises.
Corresponding to the strain data in table 3, fatigue life was tested at 20 -1108C. To eliminate the experimental errors, several tests are carried out under the same conditions. The average of the results was taken as the data of fatigue life, which is shown in table 5. It can be concluded that the rubber fatigue life decreases as the temperature rises under the same strain conditions. The reason why the breakage of the adhesive occurs is owing to the weakening of intermolecular force caused by increased movement of molecules when the temperature rises. In addition, the fatigue life of rubber increases as the strain decreases at the same temperature, the reason being that the intermolecular force weakens with the large strain, leading to the breakage of the molecular chain [41] .
Prediction analysis of fatigue life
According to the principle of the least-square method, the approximate curve zðxÞ is obtained from the data points, so that the deviation between the approximate curve and the original curve y ¼ f ðxÞ is 
Then, the optimal fitting curve is obtained. Combined with formula (4.1), the model parameters at different temperatures can be obtained by fitting and calculating the strain energy density and the measured fatigue life of the rubber material. The fitting diagram of strain energy density and fatigue life is shown in figure 4 and the model parameters at different temperatures are shown in table 6. It can be seen from figure 4 that the value of fatigue life decreases as the strain energy density increases.
According to the results obtained in table 6 , the experiments at different temperatures correspond to different model parameters k, b. The model parameters k are positive and decrease with the increase of temperature, which means the temperature increases, the coefficient of fatigue life decreases and the fatigue damage degree of rubber specimen increases.
The model parameter b is negative. With the increase of temperature, the strain energy density decreases, the cycle number of fatigue life decreases and the model parameter b changes accordingly. Its absolute value may indicate the rate of fatigue damage of rubber specimens under different temperature conditions, which increases first and then decreases with the increase of temperature. The reason why the fatigue damage degree of the rubber specimen increases at a faster rate with the increase of temperature, and then tends to slow gradually, is that the strain process leads to the continuous rupture of the rubber molecular chain and the deformation of the rubber with the increase of temperature. And the degree of damage caused by the strain process is more severe. To a certain extent, the rubber is damaged, and the damage rate tends to slow [42] .
Fatigue life prediction based on the fatigue crack initiation method
According to the test procedure described above, another group of dumbbell rubber specimens whose compound and material formulations are consistent with those of the dumbbell rubber specimen above was subjected to tensile tests at different temperatures, and the fatigue life data under the condition of engineering strain 1 ¼ 0:670 were recorded. The predicted fatigue life at different temperatures to the strain value of 0.670 is shown in table 7. Although this method can predict the fatigue life value at different temperatures accurately, it has great defects: different temperatures corresponding to different prediction models, and one prediction model only can predict the fatigue life of rubber material at one temperature. What's more, the experimental data at different temperatures need to be fitted separately to predict the fatigue life of rubber material at corresponding temperatures, and multiple prediction models for rubber can be obtained. The scale of calculation is also too large to be solved as flexibly as the change of temperature.
Prediction model construction with temperature as a variable
It was assumed that the difference of the fatigue life of rubber at different temperatures is related to the model parameters of the fatigue crack initiation method in this study, namely k ¼ kðTÞ, b ¼ bðTÞ. Therefore, the prediction model can be established by combining with formula (4.1).
The relationship between model parameters k, b and the temperature was fitted by the least-square polynomial method with temperature as a variable, as shown in figure 5a,b. Through the analysis of scattered plot, the nonlinear relationship between the model parameters k, b and temperature was fitted by a polynomial curve. Meanwhile, the magnitude of error was judged by fitting correlation coefficient. The relationship between the model parameters k, b and temperature was determined to be the fourth-degree polynomial through multiple analysis and repetitive fitting. The fitting correlation coefficient is 0.990, 0.983, respectively, which can indicate that the fitting is great. Then, the corresponding polynomial coefficients are obtained, respectively, and the fitting equations of the model parameters and the temperature are shown in figure 5a,b. The nonlinear equations of the model parameters k, b and temperature are as follows: 
Example verification
The fatigue life data of another group of rubber specimens at different temperatures under the engineering strain 1 ¼ 0:670 are selected to verify the fatigue life prediction model of temperature influence constructed in this paper. Aiming to measure the accuracy of the prediction model, the average relative error is calculated, which is shown in table 8. The error of fatigue life between the experimental and predicted values is small. Among them, the maximum error is 22.26%, which is within the acceptable range. For rubber material, the acceptable error range of the fatigue life prediction is within 100% [9, 43] . Therefore, the fatigue life predicted by the prediction model is close to the experimental one. From the comparison of the results of fatigue life prediction shown in tables 7 and 8, it can be seen that the predicted values of the two prediction models are close, and both of the average relative errors are within the acceptable range. There is a decreasing trend of the prediction results of two prediction models as the temperature increases. However, it is more complicated to predict fatigue life at different temperatures by the fatigue crack initiation method, and different temperature conditions need to be solved by experiments with temperature as a variable. Compared with this, the prediction model based on temperature can predict fatigue life at different temperatures and strain energy density, and the prediction method is more flexible and concise. Therefore, the prediction model based on temperature is accurate and effective because of its small error between the predicted fatigue life value and the fatigue crack initiation method.
Conclusion
In this paper, the prediction model proposed with temperature as the dependent variable provides a means of application for prediction of rubber fatigue life under the influence of temperature. It can predict the fatigue life of rubber materials at different temperatures effectively. The error between the predicted fatigue life and the measured fatigue life is within the acceptable range. Based on the experimental data and model validation, the following conclusions can be drawn.
1. The fatigue life prediction model of uniaxial tension can be well established by a power law, which selects the strain energy density as the fatigue damage parameter. The fourth-degree polynomial relationship between the parameters of the fatigue crack initiation model and the temperature is established to predict the fatigue life at different temperatures flexibly. The correlation coefficient of the fitting model can reach about 0.99. 2. The fatigue life prediction model based on the tensile fatigue test data of dumbbell specimen at different temperatures can be used to predict the tensile fatigue life of this kind of rubber specimen.
The maximum average relative error between predicted and measured fatigue life is only 22.26%. According to the method described in this paper, the fatigue life prediction model of rubber material at different temperatures can be obtained by testing dumbbell-shaped test pieces to predict the fatigue life of rubber products in engineering practice. It can shorten the experimental time and reduce the development cost; what's more, it also has high use value.
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